Introduction
During cell division, cells replicate their chromatin which is then equally distributed to two daughter cells during mitosis. Defects in segregating chromatids can cause genetic instability and aneuploidy, which has been linked to tumorigenesis (Lengauer et al., 1998) . To ensure proper chromatin separation, the cells employ a dynamic architecture of centrosomes, kinetochores and microtubule arrays to guide the movement of duplicated chromosomes. This process is tightly regulated by a number of protein kinases. Among them the Aurora kinases comprise an emerging family of serine/threonine protein kinases required for centrosome separation, bipolar spindle formation and cytokinesis (Nigg, 2001 ). Ipl1, the ortholog of Aurora kinase in Saccharomyces cerevisiae, is involved in chromosome segregation and cytokinesis (Chan and Botstein, 1993) . In Drosophila, Aurora kinase regulates centrosome maturation and separation. Mutation of Aurora kinase causes the collapse of the bipolar spindle and missegregation of chromosomes (Glover et al., 1995) . Similarly, inhibition of Eg2 (vertebrate Aurora kinase) destabilizes the bipolar spindle in Xenopus laevis (Giet and Prigent, 2000) . In humans, three Aurora kinases AuroraA, AuroraB and AuroraC have been described (Nigg, 2001) . Expression of AuroraC is restricted to the testis and its function in mitosis is not clear (Bernard et al., 1998) . More is known about AuroraA and AuroraB, which are ubiquitously expressed in proliferating cells. AuroraB is a chromosome passenger protein, which is localized to the kinetochore at metaphase and later migrates to spindle midzone as cells undergo cytokinesis (Adams et al., 2001) . Inhibition of AuroraB kinase activity results in polyploid cells, suggesting an essential function of AuroraB in cytokinesis (Terada et al., 1998) . AuroraA is localized to centrosomes and later to the poles of the bipolar spindle. Unlike the Aurora kinase in Drosophila and Xenopus, human AuroraA is neither required for centrosome duplication or separation , nor for bipolar spindle formation (Kufer et al., 2002) . To what degree AuroraA regulates proper progression of mitosis remains an open question.
AuroraA was initially identified as an oncogene. Overexpression of AuroraA can transform mouse NIH3T3 fibroblast and Rat1 cells in vitro (Bischoff et al., 1998; Zhou et al., 1998) . Moreover, expression of an AuroraA mutant T288D, which has increased specific activity (Walter et al., 2000) , in NIH3T3 cells can form tumors in nude mice (Bischoff et al., 1998) . Deregulated AuroraA expression has been observed in various human tumors (Sen et al., 1997; Bischoff et al., 1998; Zhou et al., 1998; Sakakura et al., 2001) . Chromosome locus 20q13, to which AuroraA is mapped, is also commonly amplified in various human cancers and AuroraA amplification correlates with poor prognosis. Both the gene amplification and deregulated expression result in AuroraA overexpression in tumors, which according to a very recent report has been suggested to influence resistance to taxol (Anand et al., 2003) . In this study, we show that AuroraA overexpression can override the mitotic spindle checkpoint. As a result, the fidelity of chromosome transmission is compromised which is likely to promote genetic instability. It has been established that genetic instability is tightly related to tumorigenesis (Lengauer et al., 1998) and thus our observations shed light on the mechanism by which Aurora overexpression may contribute to tumorigenesis.
Results
To investigate the consequences of AuroraA overexpression at the molecular level, we used an adenoviral-based expression system. An epitope (FLAG) tag was engineered at the N-terminus of the AuroraA protein to facilitate the detection of the exogenously expressed kinase. To assess whether kinase activity of AuroraA was required for its function, a D256A mutant was generated. Aspartic acid at position 256 is crucial for catalysis as suggested by comparison to structural information obtained for the Cdk2 kinase (De Bondt et al., 1993; Jeffrey et al., 1995) . Mutation of this corresponding aspartate to alanine is therefore expected to abolish kinase activity. U2OS cells, which express low levels of endogenous AuroraA kinase, were infected with AuroraA adenoviruses. More than 80% cells express exogenous AuroraA proteins judging by the immunostaining with anti-FLAG (data not shown). Expression levels of AuroraA wild type and D256A were comparable (Figure 1 bottom panels, lanes 2 and 3). At 6 h after infection, exogenous AuroraA started to accumulate, with maximum accumulation at 24 h. To test the activity of the expressed kinases, an in vitro kinase assay utilizing histone H3 as substrate was performed. Wild-type AuroraA phosphorylated histone H3 readily while the D256A mutant did not, suggesting that the mutation inactivated the kinase activity of AuroraA as expected. Autophosphorylation was also observed with wild-type AuroraA while it was totally abolished in the mutant, consistent with its loss of kinase activity (Figure 1 upper panel, lanes 2 and 3). Immunostaining with anti-FLAG revealed that the majority of the exogenously expressed AuroraA (both wild-type and D256A mutant) was found to localize to the centrosome and spindle poles (data not shown).
Cell cycle progression in the presence of AuroraA overexpression
To establish whether AuroraA overexpression directly affected normal cell cycle progression, we infected asynchronously growing U2OS with wild-type AuroraA or its kinase-inactive mutant (D256A). At 24 h after infection, the kinase-inactive mutant of AuroraA (D256A) caused accumulation of a 4N population as compared to the control adenovirus-infected cells. This accumulation of 4N population persisted at 48 h (Figure 2a ). On the other hand, overexpression of wild-type AuroraA was found to have little effect on the U2OS cell at 24 h after infection, but caused a similarly significant accumulation of the 4N population at 48 h ( Figure 2a ). Control adenovirus was derived from vectors without inserts. In some cases, green fluorescence protein (GFP) expressing adenovirus was used as control to eliminate the possibility that the observed effects were caused by the accumulation of nonspecific proteins. We next wished to determine whether AuroraA overexpression affected the entry into mitosis. As shown in Figure 2b , synchronization of U2OS at G1/S boundary followed by release in the presence of AuroraA overexpression (wild-type or D256A mutant) surprisingly neither prevented mitotic entry nor changed the kinetics of this entry. This result suggests that the 4N accumulation seen in Figure 2a is not due to mitotic arrest, but rather, could represent a population of tetraploid cells that exit the cell cycle without cytokinesis. Consistent with this prediction, there was no apparent increase of mitotic index associated with this increased 4N population (data not shown). Our observation agrees with previous reports (Kufer et al., 2002; Meraldi et al., 2002) that there seems to be no stringent requirement for AuroraA in cell cycle progression.
Overexpression of AuroraA overrides nocodazole-induced arrest
Since AuroraA overexpression does not block cell cycle progression, we next wished to explore whether overexpression of AuroraA affected cellular responses to the triggering of the mitotic spindle checkpoint. We infected U2OS cells with wild-type AuroraA or D256A mutant and then treated cells with nocodazole, a microtubule destabilizer that is known to induce a mitotic checkpoint response. As shown in Figure 3a , 55-65% of U2OS cells Figure 3b , the percentage of cells with a 4N DNA content incorporating BrdU was markedly (2-3-fold) increased when AuroraA was overexpressed (Figure 3b ), suggesting that this 4N population was undergoing active DNA synthesis. Furthermore, we noticed that cells with a >4N DNA content also tended to aggressively incorporate BrdU when AuroraA levels were elevated ( Figure 3b , fivefold increase compared to control), suggesting that these cells were undergoing endoreplication without cell division. We observed similar phenotypes when the kinase-inactive mutant of AuroraA was overexpressed. In addition, we noticed a significant decrease in the sub2N (apoptotic) population in AuroraA overexpressing U2OS cells (Figure 3a ), suggesting that these cells managed to escape apoptosis induced by nocodazole.
To further characterize this 4N population in AuroraA-overexpressing U2OS cells, immunostaining with anti-MPM-2 followed by flow cytometry analysis was performed. MPM-2 is a phosphorylation epitope that is present on proteins activated at the onset of mitosis and is thus a good measure of mitotic index (Khan and Wahl, 1998) . Upon nocodazole treatment, 55% of the control adenovirus-infected cells stained positive for MPM-2, suggesting that the majority of the cells were arrested in mitosis. This arrest is likely due to the activation of the mitotic spindle checkpoint. AuroraA overexpression (wild-type or D256A mutant) dramatically reduced the MPM-2 positive population to 10% (Figure 3c ). We have shown previously that overexpression of AuroraA did not interfere with normal progression of mitosis ( Figure 2b ). We therefore conclude that cells with a 4N DNA content, yet low mitotic index, did not accumulate due to defects in mitotic entry, but rather managed to circumvent the spindle checkpoint. The mitotic index was more accurately determined by propidium iodine staining of nuclei and counting the percentage of cells with condensed chromosome under fluorescence microscopy. As shown in Figure 3c , overexpression of AuroraA (wild-type or D256A mutant) decreased the mitotic index from 35% down to less than 10%, consistent with the MPM-2 immunostaining. Similar results were obtained by counting cells positive for phosphohistone H3 staining under confocal microscopy (decreased from 40 to 10%). All three lines of evidence suggested that cells overexpressing AuroraA manage to bypass the mitotic checkpoint. Moreover, this function is independent of its kinase activity. To further explore the above notion, biochemical analysis of cell cycle markers was performed. In response to nocodazole treatment, control adenovirus-infected U2OS cells showed increased Cdc2 phosphorylation on threnione 161 and decreased phosphorylation on tyrosine 15 ( Figure 4a , lanes 2 and Figure 2 Accumulation of 4N population upon AuroraA overexpression. (a) Asynchronous U2OS cells were infected with control adenovirus or adenoviral AuroraA (WT and D256A mutant). At 24 or 48 h after infection, cells were harvested and immunostained with anti-FLAG. DNA contents were stained with 7-AAD followed by flow cytometry analysis. Cells with no/low expression of AuroraA (detected with anti-FLAG) were excluded. Histogram of such selected cells with 2N or 4N DNA contents were shown. (b) U2OS cells were synchronized at G1/S boundary by double-thymidine block. At 8-9 h before release into fresh medium, cells were infected with adenovirus at moi ¼ 10. Cells were harvest at the indicated time after release into fresh medium, fixed and immunostained with anti-FLAG M2 followed by flow cytometry. Similarly, cells with no/low expression of AuroraA were excluded. Histogram of such selected cells with 2N or 4N DNA contents were shown AuroraA overexpression and the mitotic checkpoint Y Jiang et al 
Overexpression of AuroraA disrupts mitotic checkpoint complex
The mitotic spindle checkpoint guarantees that all chromosomes are attached to microtubules via kinetochores before mitotic cyclins are degraded and sister chromatids separated. Failure of the spindle checkpoint causes the premature separation of sister chromatids, which may result in aneuploidy (Hardwick, 1998) . Our data suggest that AuroraA was able to override the spindle checkpoint. To further examine the molecular mechanism underlying this process, an analysis of the known spindle checkpoint components including the Bub and Mad families of proteins was undertaken. In cells undergoing mitotic checkpoint activation, levels of BubR1 were significantly induced ( Figure 5a , lanes 2 and 3). In addition, a slower migrating form was detected, which is indicative of the phosphorylation of BubR1 (Figure 5a , arrows) consistent with previous reports (Chan et al., 1999; Li et al., 1999) . Overexpression of AuroraA in nocodazole-treated cells dramatically reduced the accumulation of BubR1 (Figure 5a , lanes 4 and 5), while the levels of Mad2, Bub3 and Cdc20 were not affected (Figure 5a ). On the other hand, overexpression of AuroraA abolished the phosphorylation of APC3 (Cdc27), a subunit of APC/C complex (Figure 5a, arrows) , although the total levels remained constant (Figure 5a , lanes 4 and 5). Upon activation of the spindle checkpoint, Bub and Mad proteins become localized to unattached kinetochores. The concentration of these checkpoint proteins on the kinetochore facilitates the assembly of an active checkpoint complex, which consists of Cdc20, BubR1, Mad2 and Bub3 (Sudakin et al., 2001; Tang et al., 2001) . This complex has the ability to inhibit the anaphasepromoting complex/cyclosome (APC/C) that mediates the degradation of CyclinB and Securin (Hixon and Gualberto, 2000) . As a consequence of APC/C inhibition, progression through mitosis is delayed. Our previous observations suggested that overexpression of AuroraA is sufficient to override the spindle checkpoint. We next examined its effect on the assembly of the spindle checkpoint complex. In control cells, binding of Mad2, BubR1 and Bub3 to Cdc20 was dramatically increased upon activation of the spindle checkpoint, consistent with previous reports (Sudakin et al., 2001; Tang et al., 2001) (Figure 5b, lanes 2 and 3) . Association between AuroraA and Cdc20 has been reported in mammalian cells (Farruggio et al., 1999) and this association is not involved in targeting AuroraA for degradation (Littlepage and Ruderman, 2002) . Overexpression of AuroraA led to a dramatic accumulation in the Cdc20 complex (Figure 5b , lanes 4 and 5). As observed above, BubR1 levels were decreased in AuroraA-overexpressing U2OS cells treated with nocodazole. Consequently, we observed the decrease of BubR1 in the Cdc20 complex (Figure 5b , lanes 4 and 5). Strikingly, Mad2 and Bub3 were not efficiently recruited to Cdc20 complex although expression of both proteins was not changed (Figure 5b, lanes 4 and 5) . With disassembly of the mitotic checkpoint complex, binding of APC3 (Cdc27) to Cdc20 was also decreased (Figure 5b, lanes 4 and 5) . The dissociation of these checkpoint proteins from Cdc20 would be predicted to result in the release of inhibition of APC/C. To further explore this, the levels of two APC/C substrates, CyclinB and Securin, were examined. Spindle checkpoint activation induced by nocodazole increased the levels of both CyclinB and Securin in control cells (Figure 5c, lanes 2 and 3) . In contrast, the AuroraAoverexpressing U2OS cells showed no increase in the levels of either protein even in the presence of nocodazole (Figure 5c , lanes 4 and 5), again consistent with the notion that the checkpoint has been bypassed.
It has been reported that BubR1 is the most potent inhibitor of APC/C among the checkpoint proteins (Fang, 2002) . We have observed that one prominent effect of AuroraA overexpression was to prevent the accumulation of BubR1 upon nocodazole triggering of the cells, which in turn affected the proper recruitment of other mitotic checkpoint proteins to the Cdc20 complex. Our findings suggest that AuroraA can antagonize the effects of the mitotic checkpoint protein BubR1 in the assembly of the Cdc20 complex.
To explore this antagonism further, we wished to examine whether BubR1 overexpression may conversely affect AuroraA recruitment to Cdc20. Wild-type BubR1 or a kinase-inactive form of the enzyme was coexpressed in 293T cells with epitope-tagged Cdc20. The recruitment of BubR1, mad2 and AuroraA to the Cdc20 complex was assessed by analysis of the Cdc20 immunoprecipitating proteins. Increasing BubR1 levels resulted in strikingly decreased AuroraA association with Cdc20 ( Figure 6 , lane 3). There was a clear requirement for the kinase activity of BubR1, since expression of a kinase-inactive BubR1 mutant failed to effectively displace AuroraA in the Cdc20 complex ( Figure 6, compare lanes 2 and 3) . These results further support the hypothesis that AuroraA and BubR1 represent two major antagonizing components in the mitotic spindle checkpoint regulation. Overexpression of AuroraA has been observed in a variety of human cancers. Both amplification of its gene locus and deregulation of its mRNA contribute to the elevated protein levels. Depending on the types of cancer, the overexpression ranges from three-to 20-fold (Sen et al., 1997; Bischoff et al., 1998; Zhou et al., 1998; Sakakura et al., 2001; Sen et al., 2002) . In addition, AuroraA overexpression has been shown to transform fibroblasts in vitro and form tumors in nude mice (Bischoff et al., 1998) . However, AuroraA overexpression does not appear to affect general cell cycle progression ( Figure 2b and Kufer et al., 2002) , nor does it enhance long-term cell growth (data not shown, Bischoff et al., 1998) . Moreover, recent studies have revealed that AuroraA overexpression does not deregulate centrosome duplication. It rather appears that the multiple centrosomes observed are due to the failure of cytokinesis in certain cell populations (Littlepage and Ruderman, 2002; Meraldi et al., 2002) . In this study, we provide evidence that AuroraA overexpression in the osteosarcoma cell line U2OS overrides the mitotic spindle checkpoint, resulting in a failure of cells to arrest at the metaphase-anaphase transition when improper attachments of kinetochore to microtubules are detected. Similar effects were observed in other cell lines, notably the lung carcinoma cell line A549. This is achieved by disruption of the proper assembly of the mitotic spindle checkpoint complex. As a result, AuroraA-overexpressing cells escape the surveillance of the mitotic checkpoint, and prematurely exit mitosis with inappropriately aligned or segregated chromosomes. Our results support a novel mechanism that could link AuroraA overexpression to tumorigenesis. During preparation of this manuscript, a new report (Anand et al., 2003) was published demonstrating that overexpression of AuroraA can override the spindle checkpoint. Cells were found to inappropriately enter anaphase with unaligned chromosomes, ultimately displaying a tetraploid phenotype. Our observation that AuroraA overexpression caused the accumulation of 4N cell populations without an apparent increase of the mitotic index is consistent with this report. Furthermore, we also observed that tetraploidy and polyploidy as a result of AuroraA overexpression was more aggravated in cells harboring p53 mutations (data not shown), consistent with earlier findings by Meraldi et al. (2002) . While defects in the spindle checkpoint have been observed in tumors (Takahashi et al., 1999; Ouyang et al., 2002) , the mitotic checkpoint proteins themselves are rarely mutated or deregulated (Imai et al., 1999; Sato et al., 2000; Hernando et al., 2001; Reis et al., 2001; Ouyang et al., 2002) . It is thus conceivable that the checkpoint defects in tumors may be attributed at least in part to AuroraA overexpression. Such a compromised checkpoint function could in turn contribute to genetic instability and tumorigenesis. This aspect is of fundamental importance for evaluating AuroraA as a therapeutic target for cancer treatment.
Kinase activity of AuroraA is not required to override the mitotic checkpoint Deactivation of the mitotic spindle checkpoint can be achieved by kinase active and inactive forms of AuroraA. This surprising finding is, however, consistent with earlier reports (Littlepage and Ruderman, 2002; Meraldi et al., 2002) . Endoreplication after AuroraA overexpression in HeLa cells (p53À/À) has been described to be independent of AuroraA kinase activity. A more recent study on the other hand showed that in the context of primary cells, kinase activity was required for AuroraA to induce abnormal cell cycle progression resulting in the emergence of polyploidy (Anand et al., 2003) . While the use of different experimental systems precludes a generalization, it is reasonable to speculate that AuroraA can act either through its ability to specifically interact with other proteins or exert its effects through its intrinsic kinase activity. An example for the latter is that the ability of AuroraA to transform mouse or rat fibroblasts is dependent on the kinase activity (Bischoff et al., 1998) . The full spectrum of AuroraA activity may thus be a combination of phosphorylation and protein-protein interaction events.
AuroraA antagonizes with BubR1 in the regulation of mitotic checkpoint
In this study, we have shown that overexpression of AuroraA resulted in its significant accumulation in the Cdc20 complex. Binding to Cdc20 does not target AuroraA for degradation. As a matter of fact, the degradation process is mediated by cdh1, another member of the WD protein family (Littlepage and Ruderman, 2002) . Instead, the recruitment of AuroraA into the Cdc20 complex serves to decrease the presence of the mitotic checkpoint proteins in the complex. BubR1 is a more potent inhibitor of APC/C than Mad2, and this inhibition of APC/C is mediated through its ability to interact with the Cdc20 complex (Fang, 2002) . Thus, it appears that disrupting the function of BubR1 is an effective way to bypass checkpoint regulation. We have shown that BubR1 can displace AuroraA in the Cdc20 complex and that this displacement is dependent on the kinase activity of BubR1 (Figure 6 ). We speculate that BubR1 may phosphorylate proteins that influence the binding of AuroraA to Cdc20. Alternatively, BubR1 may phosphorylate AuroraA directly and thus affect its association with Cdc20. Taken together, these results support our hypothesis of an opposing effect of BubR1 and AuroraA in modulating the activity of mitotic checkpoint complex.
Other members of the Aurora protein kinase family have been implicated in the checkpoint regulation. Inhibition of AuroraB, by either antibody titration or expression of kinase-inactive mutant, compromised the spindle checkpoint and led to exit from mitosis with unaligned chromosomes (Kallio et al., 2002; MurataHori et al., 2002) . However, the molecular mechanism remains unknown. Moreover, a recently published report indicated the involvement of an Aurora kinase in a different checkpoint system in mammalian cells, namely the DNA damage checkpoint (Marumoto et al., 2002) .
All these observations strongly suggest that Aurora family kinases play critical roles in cell cycle checkpoints to ensure the faithful duplication and transmission of genetic materials. Thus, it is of extreme importance that Aurora family kinases are properly regulated during cell cycle. Perturbation of this regulatory process will endanger genetic stability and possibly contribute to tumorigenesis.
Materials and methods

Cell culture and synchronization
Human osteosarcoma cell line U2OS and kidney cell line 293T were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS) and 100 U/ml penicillin plus 100 mg/ml streptomycin. To synchronize cells at G1/S boundary, double-thymidine block was performed. Cells were arrested with 2 mm thymidine (Sigma) for 14 h, and then released to fresh medium for 10 h followed by second treatment of 2 mm thymidine for 14 h. To activate mitotic spindle checkpoint, U2OS cells were treated with 0.05-0.1 mg/ml nocodazole (Sigma).
Plasmid construction
pCMV-FLAG-Cdc20 was constructed as described previously (Zhang and Lees, 2001) . cDNA for BubR1 was kindly provided by Dr Tim Yen and subcloned into pCMVShuttle. To inactivate BubR1 kinase activity, an internal deletion of nine amino acids (795-803) was generated as described (Chan et al., 1999) . All constructs were confirmed by sequencing.
Recombinant adenoviral selection, production and infection
Eight amino-acid FLAG tag was engineered to N-terminus of AuroraA by polymerase chain reaction (PCR). Mutation of aspartic acid to alanine at residue 256 was introduced by QuickChange site-directed mutagenesis kit (Stratagene) using FLAG-Aurora as template. FLAG-AuroraA adenovirus was generated using AdEasy system (Qbiogene) according to the manufacturer's instructions. To overexpress AuroraA in asynchronous cells, U2OS cells were infected at MOI between 10 and 20. Infection was carried out in the presence of Superfect (Qiagen) to maximize the uptake of the virus. To infect synchronous U2OS cells, infection of adenovirus was carried out at MOI ¼ 20, 7 h prior to the release of second thymidine block.
Transfection
293T cells were transfected by pCMV-FLAG-Cdc20 and pCMVShuttle-BubR1 using Effectene according to the manufacturer's protocol (Qiagen). At 24-48 h after transfection, cells were harvested for immunoblot or immunoprecipitation.
Flow cytometry analysis
Cells were harvested by trypsinization, washed with D-PBS and fixed in 70% ethanol. DNA was stained with propidium iodine. Flow cytometry was performed using FACScan (BD Bioscience) and data were analysed by Cellquest program (BD Bioscience). To specifically analyse S phase, cells were pulsechased with 10 mm BrdU for 30 min, harvested and fixed as described above. Incorporated BrdU was immunostained with FITC-conjugated anti-BrdU (BD Bioscience). The 7-AAD was used to stain the DNA contents (BD Bioscience). In cases that required continuous BrdU labeling, 65 mm BrdU were added to the cell together with fresh medium until harvested. To quantify the mitotic index upon nocodazole block, cells were harvested and fixed similarly and then immunostained with anti-MPM-2 (Upstate Biotechnology), as described previously (Khan and Wahl, 1998) . Mitotic index was also determined by the following: Harvested cells were fixed with 3.7% formaldehyde, permeabilized by 0.5% Triton X-100, centrifuged to slides using cytospin and stained with propidium iodine for 5 min. Mitotic index was determined by percentage of cells with condensed chromosome. A total of 200 cells in three different fields were counted under confocal microscopy (Leica TCS).
Immunoblot and immunoprecipitation
Cells were harvested and lysed in buffer containing 50 mm TrisHCl pH 8.0, 150 mm NaCl, 2 mm EDTA, 0.5% NP-40, 1 mm DTT, 1 mm NaF, 1 mm Na 3 VO 4 and protease inhibitor cocktail (Roche). Lysate (50-100 mg) was applied to SDS-PAGE and transferred to PVDF membrane. The membrane was then probed with specific antisera followed by HRPconjugated secondary antibody (Amersham), and visualized with enhanced chemiluminescence ECL (Amersham). Monoclonal anti-hsMad2 (BD Bioscience), monoclonal anti-Bub3 (BD Bioscience), goat and rabbit polyclonal anti-Cdc20 (Santa Cruz Biotechnology), monoclonal anti-Cdc27 (BD Bioscience), monoclonal anti-CyclinB (BD Bioscience) were used to detect the respective proteins. Monoclonal antiCyclinE was generated against full-length CyclinE. Anti-FLAG M2/M5 (Sigma) was used to detect exogenous expressed AuroraA. Polyclonal anti-AuroraA, anti-BubR1 and anti-Bub3 were generated in rabbits against C-terminal peptide of corresponding proteins and affinity purified. Rabbit polyclonal anti-APC2 was purchased from NeoMarker. Monoclonal anti-alpha Tubulin was from Oncogene, Inc. Anti-Cdc2 phosphotyrosine-15 and anti-Cdc2 phosphothrenione-161 were purchased from Cell Signaling. Anti-Cdc2 was generated in rabbits against 12 amino acid at its C-terminus. Anti-Securin (PTTG) monoclonal was from Novocastra Laboratories. For immunoprecipitation, 300-500 mg of cell lysate was incubated with specific antibody at 41C overnight, and then protein A/G agarose was added to catch the antibody complex. For the antibodies that were conjugated to sepharose, the lysates were directly incubated with the conjugated antibody for 2-3 h and then centrifuged to precipitate the complex. The precipitates were thoroughly washed and denatured, applied to SDS-PAGE and transferred to PVDF membrane. Then the membrane was probed with distinct antibodies to detect the presence of the proteins in the complex.
In vitro kinase assay
Cells infected with AuroraA adenovirus were harvested and lysed in lysis buffer with 50 mm Tris-HCl pH 8.0, 150 mm NaCl, 2 mm EDTA, 0.5% NP-40, 1 mm DTT, 1 mm NaF, 1 mm Na 3 VO 4 and protease inhibitor cocktail (Roche). Lysate (300 mg) was immunoprecipitated with FLAG M2-agarose. The precipitates were thoroughly washed with lysis buffer and incubated with 25 ml kinase cocktail consisting of 50 mm Tris, pH 7.5, 10 mm MgCl 2 , 1mm DTT, 1 mm NaF, 0.5 mm Na 3 VO 4 , 6 mg histone H3, 10 mm cold ATP and 0.5 ml of 33 P-ATP (10 mCi/ml, NEN) at 371C for 30 min. The reaction was stopped by adding SDS-sampling buffer, and the mixture was run on SDS-PAGE. Gels were dried and applied to autoradiograph to visualize phosphorylation of substrates.
Immunostaining
Cells were fixed with 3.7% formaldehyde, and permeabilized with 0.5% Triton X-100, then incubated with histone H3 phospho-serine 10 (Upstate) at 1 : 200 and FLAG M5 (Sigma) at 1 : 250 for 1 h at room temperature. Then cells were washed and incubated with secondary antibodies containing appropriate fluorescent conjugates. Finally, cells were centrifuged to slides by cytospin. The slides were mounted with mounting medium containing 4',6'-diamidino-2-phenylindole (DAPI) to stain DNA (Vector Laboratories) and imaged by confocal microscopy (Leica TCS).
